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A 7.62-cm diameter pipeline network was built at Florida International University in order to facilitate
data acquisition for design optimization and performance evaluation of a pipeline unplugging technology
by NuVision Engineering that was based on the ﬂuidic wave-erosion principle. Three types of plug
materials were used at three different test bed lengths (86.87, 189.28, and 547.73 m) to determine the
effectiveness of the technology with respect to pipeline length. Erosion rates were determined for each
plug type and at each test bed length. Although some correlation was observed between erosion rates
and other test parameters, the parameters that directly inﬂuenced it were not easily discernible. The
unplugging technology was observed to create an ampliﬁcation of pressure at the plug location which
was correlated to the process control parameters (i.e. an increase in drive time for the same drive
pressure will increase the ampliﬁcation factor an increase in suction time will decrease the ampliﬁcation
factor). It was also noted that the cavity size affected the ampliﬁcation factor and resulting wave speeds.
A numerical method based on the Method of Characteristics was used to predict the pressure and ﬂow
rates generated by the ﬂuid transients caused by unplugging technology in the pipe. It was found that the
results obtained from the numerical model was in good agreement with the pressure variation measured
in the pipeline and that the modeling can be used to predict unplugging performance at longer pipelines.
Copyright  2014, Karabuk University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The Department of Energy (DOE) Hanford Site is theworld’s ﬁrst
plutonium production complex which was active from 1944 to
1989. As a result of the nuclear weapons program 53 Mgal of
radioactive waste was generated and stored in 177 underground
tanks at Hanford. Since 1959, 67 of the 149 single-shell tanks built
in the 40’s to mid-60’s are assumed to have leaked about 1 Mgal of
liquid waste into the ground. DOE has started the Hanford clean-up
effort in 1989 and is currently in the process of transferring the
waste to double-shell tanks where no leakage has been detected so
far. One of the challenges during this retrieval and disposal program
is the formation of plugs during the cross-site pipeline transfers. In
the past, some of the pipelines have plugged duringwaste transfers,
resulting in schedule delays and increased costs [9,11,19]. Further-
more, pipeline plugging has been cited as one of the major issues
that can result in unplanned outages at the Hanford Waste Treat-
ment and Immobilization Plant (WTP), causing inconsistentail.com (S. Gokaltun).
ity
duction and hosting by Elsevier Boperation [12]. As such, availability of a pipeline unplugging tech-
nology is crucial to ensure smooth operation of the waste transfers
and to ensure Hanford tank farm cleanup milestones are met [5].
Florida International University (FIU) has previously tested and
evaluated various unplugging technologies through an industry call
that consisted of in-situ and remote mechanical methods for
pipeline unplugging [2]. The in-situ methods utilized hydraulic
pressurization and mechanical abrasion to unplug the line. One
such method evaluated included technologies such as the Harben
high-pressure jet system, which had a variety of jet heads that
could be attached to a cleaning hose and operated between 6.89
and 27.58 MPa. The system used in the FIU testbed was also
equipped with Harben’s pump jet water pulsation module, which
assisted the system in clearing difﬁcult blockages as well as aiding
the hose around obstacles such as elbows. The system was used in
an open-ended pipeline to allow for the insertion of the cleaning
hose and the drainage of the removed blockage material and water.
The jet head was attached to the end of the hose and acted as both
the propulsion system and the cleaning method. Another in-situ
technology evaluated was the Aqua Miser, a 103.42e275.79-MPa
water jet system. Due to the large pressure drop across the hose,.V. All rights reserved.
Fig. 1. Fluidic Wave-Action Technology pipeline unplugging skid.
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straight run (or 76.20 m with elbows), limiting long-distances be-
tween plug and pipeline inlet. An additional in-situ method tested
was the Ridgid Snake, which consisted of an approximately 45.72-
m long semi-ﬂexible steel rod with a cutting blade tip that is
inserted into the pipeline for cleaning blockages. The snake was
housed inside a rotating drum, which was used to feed and retract
the snake from the pipeline. These in-situmethods were all capable
of removing speciﬁc plug types, as long as the plugged locationwas
at a short distance from a pipeline access point.
As many of the pipelines used to transfer high-level radioactive
waste cannot be accessed without exposure to workers and
equipment, innovative methods are needed that can remove
blockages remotely and non-invasively. One such remote method
involves the utilization of pressure pulses to remove fouling ma-
terial or blockages in pipelines which has been documented in
various patents [4,6,7] and research articles [13,15,23]. Mazzola
et al. [13] used pulsed acoustic waves to remove biofoulingmaterial
from the inner walls of pipes and heat exchangers while Paddock
et al. [15] presented a horizontal wellbore cleaning method based
on the generation of ultrasonic pressure waves. Zollinger and
Carney [23] developed a hydraulic system that could create pres-
sure pulses to resonate the water column and the pipe walls at
different frequencies that results in the removal of blockages.
The remote methods tested at FIU utilized high-frequency pres-
sure pulses or wave erosion to dynamically load the plug. One sys-
temevaluatedwas theHydrokinetics TechnologyprovidedbyAIMM
Technologies. This system operated on the principle of repeated,
high-frequency pressure pulses injected into pipeline, in order to
create vibrations in the pipe wall and the plug at different fre-
quencies. These mismatched oscillations aimed at dislodging the
plug by breaking he bonds between the wall and the plug. Another
system evaluated was NuVision Engineering’s Fluidic Wave-Action
Technology (FWT). The system operated much like the ocean
wave-action on beach erosion, coupled with positive and negative
pressure pulses that tend to loosen the blockage. It could operate on
a long pipeline that has drained down below a blockage. Based on
mockup testings at FIU, these technologies were identiﬁed as two
alternativemethods that couldwithstand the rigors of operation in a
radioactive environment and had the ability to handle sharp 90
elbows. A separate assessment byOak RidgeNational Laboratory for
the identiﬁcation of commercially available unplugging methods
conﬁrmed these ﬁndings [14]. In this paper, the testing and data
analysis of only the FWT are presented because the tests with the
Hydrokinetics method have shown that the technology was not
successful in unplugging the pipelines when they were made to
operatewithin the pressure limit of theDOE transfer lines, 2.07MPa.
The outline of this paper is as follows: First, the experimental set-
up ispresented and theoperatingprinciplesof theFWTaredescribed.
Next the results of the data analysis are explained for the unplugging
performance of the system. A mathematical model is presented to
estimate the performance of the FTW in terms of pressure distribu-
tion in the pipeline during an unplugging event. Finally conclusions
are drawn and some of the uncertainties in the results are discussed.
2. NuVision’s unplugging technology
NuVision’s FWT is based on ﬂuid wave-action principles which
can be used to oscillate a water column in the pipeline repetitively
in order to loosen a blockage. It can operate on a long pipeline that
has drained down below a blockage. The system consists of awater/
solvent tank, a pressurize/vacuum vessel (charge vessel), a portable
air compressor, jet pump pairs and valve manifold, a ﬂuidic control
unit, a vacuum ﬁnishing pump, a system controller, and a system
module (Fig. 1). The pipeline unplugging operation principles ofNuvision’s FWT are as follows: First, a vacuum pump is used to
evacuate a majority of the air in the pipeline below the blockage in
elevation. Once the desired vacuum has been established, a ball
valve is opened, and the ﬂuid is allowed to back-ﬁll the pipeline.
Since a portion of the air remains in the pipeline, a cavity forms
near the elevated blockage. The ﬂuidic control system is then used
to generate waves in the ﬂuid by providing positive and negative
pressures to the ﬂuid in a cyclic manner.
A cycle consists of three phases: a suction phase, a drive phase
and a vent phase. During the suction phase, some of the ﬂuid in the
pipeline is pulled back into the charge vessel. The ﬂuid is quickly
expelled during the drive phase, creating a wave in the cavity near
the blockage. In the vent phase, the system is vented to the at-
mosphere, allowing the ﬂuid to settle. This process is repeated
numerous times until the blockage is removed.
The frequency and duration, as well as the pressure, of each
cycle can be controlled via the ﬂuidic control unit. This coupled
with the dissolving action of a selected solvent and the physical
action of the vacuum and pressure cycles works to both erode and
loosen the blockage.
To create the ﬂuidic-wave action, NuVision uses a complex
pneumatic pumping system. Water is stored in a 3.79-m3 storage
tank and enters the pumping skid. Water can be allowed to ﬂow
Fig. 2. Schematic of the test beds (Dimensions not to scale).
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charge vessel. An air compressor provides compressed air at
0.97 MPa. The compressed air is passed through a jet pump which
can provide a vacuum and pull water from the pipeline into the
charge vessel (suction phase) or it can be used to provide a positive
air pressure and drive the water from the charge vessel. Prior to
ﬂooding the pipeline, the jet pump is used to pull a vacuum in the
pipeline. A vacuum pump is then used to achieve the vacuum level
needed, with the magnitude of vacuum pulled dictating the size of
the air cavity. With the low pressure established in the pipeline, the
water storage tank is used to ﬂood the pipeline until the pressure is
stabilized.
After the pipeline is ﬂooded, the equipment is used in a three-
phase cycle that is continuously repeated to remove the blockage.
Prior to operating the equipment, the equipment control parame-
ters that need to be set are: vacuum level, drive pressure level,
suction time, drive time and vent time (or vent pressure level).
3. Experimental set-up
The instrumented test bed for technology qualiﬁcation was
designed and constructed with the capability to evaluate the
impact of a number of parameters on the technology effectiveness,
including: the distance to the plug, pipe layout (e.g., bends, ex-
pansions, reducers, etc.) and connection with limited accessibility
(through a Hanford connector inside a pit). Schematic diagrams of
the test beds are shown in Fig. 2. The test beds were constructed
using 7.62-cm diameter, 53.34-cm long, Schedule 10, carbon steel
pipe sections joined by Victaulic couplings. To simulate the
connection to the transfer lines in a pit, the inlet section was con-
nected vertically to the long horizontal section via a sharp 90
elbow. The test bed entry point was equipped with a standard 7.62-
cm ﬂange (Victaulic 741). As shown in Fig. 2, pressure transducers
were located throughout the test bed to evaluate the effects of
pipeline length and conﬁguration changes such as elbows, reducers
and expansion joints. In addition, a number of pressure transducers
were placed near the blockage.
Three 2.44-m clear PVC pipe sections were located upstream of
the blockage as shown in Fig. 3. This allowed for the visual ex-
amination of the wave as it approached the blockage. The clear
sectionwas inclined at 1 to simulate the pipeline grade at the DOE
Hanford site. The blockage was placed into a 1.22-m section of
clear PVC. The low coefﬁcient of friction between the PVC and
some of the plugs required that a ball valve be placed just behind
the blockage in order to prohibit the blockage from moving,
without which, the blockage could have been pushed out during
the testing process. A 53.34-cm pipe section was used as the
discharge section and was placed after the ball valve. The oper-
ating pressure of the clear PVC was the test beds limiting
component, with a maximum operating pressure of 1.034 MPa;
therefore, a pressure relief valve, rated at 1.034 MPa, was installed
upstream and adjacent to the clear inclined section. Also shown in
Fig. 2, is a removable expansion joint located just upstream of the
inclined clear section. This joint containing three 3.048-m sec-
tions, emulated the by-pass connections typical of the cross-site
lines at Hanford (Fig. 4(a)). The expansion joint was removed in
some of the cases to evaluate the effectiveness of the technology
with and without the joint. Two removable reducers were used to
create a sudden constriction in the pipeline diameter to 5.08 cm
with a subsequent expansion back to 7.62 cm in order to evaluate
its effects on the technologies effectiveness (Fig. 4(b)). The reducer
was installed on the 86.87-m test bed, upstream of the expansion
joint.
A total of 13 pressure transducers (Omega PX209) with a range
of 101.35 to 930.79 kPa and 2 ms of response time were placed atvarious locations along the pipeline in order to track the propaga-
tion of the pressure wave inside the pipeline. The transducers were
connected to a National Instruments Field Point data acquisition
system for simultaneous recording of pressure along the test bed
during the unplugging tests.
3.1. Blockage materials
Three blockagematerials were used in order to evaluate how the
effectiveness of the unplugging technology was impacted by the
chemical and rheological characteristics of the plug. A kaolin clay
water mixture was used to emulate settled sludge while phosphate
and aluminum gel type plug materials were used to emulate a
Fig. 3. 7.32-m inclined clear pipe sections of the pipeline used for visual observation.
Table 1
Comparison of material properties of Kaolin water mixture with those of Hanford
tank sludge.
d (mm) ss (kPa) r (g/cm3)
Kaolin water mixture (66 wt%) 1.02 3.5 1.65
Tank sludge 1.2 05 12
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blockage material property with respect to conveyance system
potential of plugging, choking, and slugging is cohesiveness [8,17].
Cohesiveness characterizes the tendency of the material to adhere
to itself and to the conveyance system equipment. Formany sludge-
like materials, the expected cohesiveness is a function of the shear
strength [17]. Kaolin clay water mixture was recommended as a
sludge simulant by Golcar et al. [8] and Powell et al. [17] because its
shear strength, cohesiveness, particle size distribution, and density
(at 66e67 wt% kaolin in water) are similar to those of tank sludge
(Table 1). Further information on kaolin clay simulants such as
particle size distribution, shear strength and rheology data are
available in the literature [16,17]. The authors of this paper also
conducted shear strength, tensile strength, and stickiness mea-
surements of kaolin claywater mixtures and veriﬁed that shear and
tensile strength of kaolin-water mixtures used in this study were
similar with literature (Fig. 5).
The kaolin-water mixture was prepared in a large bucket and
mixed using a drill attachment until uniformity was achieved. Four-
foot PVC pipes were then completely ﬁlled with the mixture. In
order to remove air gaps that can get entrapped inside the blockage
during ﬁlling, the blockages were compressed to 10.68 kN using a
torque wrench.
Hanford and WTP engineers recommended that phosphate and
aluminum gel be used as the crystallized salt blockage simulants.
This type of plug may form in a pipeline due to precipitation of
waste salts caused by temperature changes or supersaturation due
to mixing of different waste types [10]. Composition of the phos-
phate simulant is given in Table 2 [18]. This composition was ﬁrst
prepared in small samples in the laboratory and it was observed to
form a gel when cooled to room temperature. In order to get 1.22 m
of the phosphate blockage, two batches of 0.003 m3 of gel were
prepared as shown in Fig. 6(a). The ends of the clear pipe wereFig. 4. Expansion joints and reduction in pipeclosed and the gel was poured into the pipe until full. It was left to
drain in an upright position and new gel was added from the top as
the water drained from the pipe (Fig. 6(b)). This process was
repeated until water no longer drained from the pipe, which took
approximately 5e7 days.
The recipe for the aluminum gel was provided by WTP and the
Paciﬁc Northwest National Laboratory (PNNL) which required
preparing a matrix solution and a gelling solution separately.
Beaker testing was performed and gelling was observed (Fig. 7).
First, the aluminum nitrate was dissolved in water separately to
prepare the matrix solution. Sodium hydroxide and sodium car-
bonate were dissolved in a separate cup to prepare the gelling so-
lution. Finally, the gelling solutionwas added to thematrix solution
to get the ﬁnal AleOH gel. The compositions of the ingredients are
given in Table 2. A draining procedure similar to phosphate gel was
carried out for the Al-gel blockage. A hand plunger was used to
increase the mechanical integrity of the blockage.
All of the plugs were created in 1.22-m pipe lengths. They were
weighed before and after each unplugging test to determine the
weight of removed plug material and effective unplugging rates.3.2. Test plan
Table 3 summarizes the parametric test plan that included
sixteen trials with three different blockages used at each of the
three pipeline lengths. Only erosion and dissolution methods are
considered for unplugging although unplugging the blockage with
mechanical wave energy was also possible.
An expansion joint was used in the baseline test bed for all
blockage types and all pipe lengths, whereas one trial was con-
ducted at each pipeline length without the expansion joint using a
kaolin blockage to determine the effects of the expansion joint on
the unplugging rates (marked in Table 3 as NEJ). For the 86.87-m
test bed, a constriction was inserted using two 7.62 cme5.08 cm
reducers just upstream of the expansion joint to see what effects it
may have on the pipeline pressures and unplugging rates. In
addition, blind ﬂange testing (no plug) was conducted in which the
drive pressures, drive times and suction times were varied to
analyze their effects on the wave mechanics and resulting
pressures.cross-sectional area was also evaluated.
Fig. 5. Physical properties of kaolin-water mixture used in this study.
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the charge vessel empty. This potentially resulted in adding air into
the pipeline during the drive phase and ultimately required
changes in the control parameters during testing. These tests were
rerun with a partially ﬁlled charge vessel with the exception of the
phosphate tests since the phosphate plugs seemed to dissolve
relatively easily in the presence of water. The cases with an asterisk
in Table 3 indicate that these tests were conducted without a
partially ﬁlled charge vessel.
In general, NuVision varied three of the ﬁve equipment control
parameters: suction time (Ts), drive time (Td) and drive pressure
(Pd). Vent time (Tv) was initially set to a speciﬁc time but after a few
tests it was set to a speciﬁc level of pressure (Pv w 20 kPa). TheTable 2
Molarity values of chemicals in Phosphate and Aluminum blockage simulants.
Component Phosphate Aluminum
NaAlO2 1.0 0.0
NaOH 2.0 3.0
Na2CO3 0.1 0.5
NaNO3 7.0 0.0
Na3PO40.25H2O12H2O 0.3 0.0
Al(NO3)9H2O 0.0 1.0vacuum level (Pvac) was generally ﬁxed except the 547.73m test bed
where higher levels of vacuum were pulled to reduce the cavity
size. Separate blind ﬂange testing was also conducted at each pipe
length, varying drive pressure, drive time and suction time in order
to determine the effects of each of the equipment control param-
eters on the wave and pressure dynamics without the inﬂuence of
the blockages. A key observation from Table 3 relates to the varia-
tion in the equipment control parameters. As the pipe length test
bed increases, the variability in the control parameters utilized also
increases. This is believed to be due to the ambient environmental
variations observed during testing which affected the cavity size
and ultimately the performance of the technology.
4. Experimental results
4.1. Pressure proﬁle in the pipeline
During the erosion process, the drive pressure added mo-
mentum to the column of ﬂuid in the pipewhich had two effects; 1)
it compressed the air remaining in the cavity causing an increase in
pressure at the blockage location and 2) created a wave which in
turn attempted to erode the blockage. The increase in pressure can
sometimes result in the ampliﬁcation of pressure at the location of
the plug compared to the drive pressure as shown in Fig. 8. Un-
derstanding this ampliﬁcation of the pressure is one of the key
concepts in qualifying NuVisions technology for safe deployment at
DOE transfer lines. It was observed that the ampliﬁcation factor
(Gi ¼ Pplug/Pinlet ¼ P13/P1) may vary even when the control param-
eters were kept same over a number of cycles with the same drive
pressure. In order to get the mean ampliﬁcation factor (G) the
observed ampliﬁcation factors were averaged by G ¼ PNi¼1Gi=N
where N is the total number of cycles.
Three main process control parameters (Td, Ts and Pd) were
varied to determine their effects on the G. Initially a blind ﬂange
was used instead of a plug to eliminate any effect of the blockage
material on the G. Fig. 9 shows the variation of G with respect to Td
for ﬁxed values of Pd and Ts whereas a similar relation of G versus
Ts is given in Fig. 10. In general, it was observed that for ﬁxed Ts
and Pd, increasing Td resulted in an increase in the G. This can be
explained by the fact that Td and Ts determine the amount of water
injected into the pipeline. If the amount of water introduced
during the drive phase was increased, i.e. a longer drive period, the
air bubble was compressed more which increased the pressure of
the air cavity and the G. For this scenario, it would be expected
that a point would be reached where the increase in drive time
would cease to compress the air cavity and would only result in a
loss in energy.
The opposite is observed for Ts. For increasing Ts the ampliﬁ-
cation factor was seen to decrease almost linearly as shown in
Fig. 10. As the suction duration increased and the Td was kept
constant, the volume of the ﬂuid in the pipeline being cycled
reduced which increased the volume of the air cavity at the pipe
end. This resulted in a reduction in G since the water left in the
pipeline was not able to compress the same volume of air as it
could with a lower value of Ts.
Figs. 9 and 10 show that in general, the drive pressure works in
favor of the ampliﬁcation factor. For all of the pipelines, the general
trend showed that for the same Td and Ts, an increase in the Pd
assigned by the NuVision engineers yielded in an increase in the G.
A larger Pd corresponded to a higher piston force in the charge
vessel which increased the energy input into the system for con-
stant Td and Ts and resulted in higher wave velocities hitting the
blockage. As a result, the net momentum compressing the air cavity
was increased with an increase in Pd which resulted in larger G
values.
Fig. 6. Preparation of the 1.22-m Phosphate plug.
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In Figs. 9 and 10 the G values obtained with blockages in the
pipeline are represented with symbols for each of the three test bed
lengths. These plots provide the effects the blockages may have had
on the ampliﬁcation factors that were obtained. In Fig. 9(a) the
kaolin and aluminum gel trials appear to be in line with the blind
ﬂange results, for the 86.87 test bed. Note that the variance for each
run has also been provided in the ﬁgure. The phosphate trial has a
large variance which was due to the testing without a pre-charged
vessel. Although the average drive time appears to be similar to the
ampliﬁcation factor for the Td ¼ 5 s, the data for Ts ¼ 15 s does not
have a corresponding trend line on the ﬁgure. The kaolin trial
without the expansion joint is also shown at a Td ¼ 4 s with a
signiﬁcantly larger G, as expected.
Although the suction times for the blockage cases for the
189.28 m test bed shown in Fig. 9(b), lies outside of the trend line,
the variance of the phosphate and the kaolin encompass the
ampliﬁcation factor trend line. In addition, the kaolin trial without
the expansion joint again is signiﬁcantly higher for the same suc-
tion time (Ts¼ 8 s) at Td¼ 4 s. For the 547.73 m case, the variance ofFig. 7. Aluminum gel after beaker tests.the process control parameters from plug-to-plug make it difﬁcult
to determine any correspondence between the plug data and the
blind ﬂange data.
Fig. 10 shows similar plots with suction time replacing the drive
time on the x-axis. It was observed that the kaolin and aluminum
gel trials match well with the corresponding trend lines in the
86.87 m test bed. The kaolin trial without the expansion joint again
appears to be signiﬁcantly higher than the extrapolated trend line.
For the 189.28 m test bed, there appears to be more scatter in the
data with the exception of the kaolin trial without the expansion
joint which corresponds well with the Td ¼ 7 s trend line even
though the Td ¼ 4 s for that trial. For the 547.73 m test bed, varia-
tions in the process control parameters made it difﬁcult to access
any correlation between the two sets of data.
4.2. Unplugging rates
Table 4 presents the unplugging rates that are obtained by
calculating the difference between the initial and ﬁnal weights ofTable 3
Text matrix and plug removal rates. All cases used vent pressure (Pv¼ 20 kPa) except
the Phosphate blockage cases at 86.87 m (Ts ¼ 1 s) and at 547.73 m (Pv ¼ 20 kPa or
Ts ¼ 8 s whichever ﬁrst achieved).
L(m) Blockage Ts(s) Td(s) Tv(s) Pv (kPa) Pd(kPa) Pvac(kPa) _m(Kg/h)
86.87 Kaolin 11 6 e 20 200 8.86 0.452
86.87 Aluminum 11 6 e 20 200 8.86 0.704
86.87 Phosphate* 15 5 1 e 200 8.85 9.5
86.87 Kaolin (NEJ) 8 4 e 20 200 8.89 0.9
189.28 Kaolin 14 6 e 20 300 8.86 0.650
189.28 Aluminum 18 7 e 20 300 8.80 0.477
189.28 Phosphate* 15 7 e 20 300 8.80 10.31
189.28 Kaolin (NEJ) 8 4 e 20 300 8.80 0.282
547.73 Kaolin 17 8e10 e 20 300 8.80 0.214
547.73 Aluminum 14e16 7e9 e 20 150e200 9.16 0.146
547.73 Phosphate* 15e16 7e10 8 20 150e250 9.28 6.332
547.73 Kaolin (NEJ) 17 11 e 20 200 9.28 0.088*
Fig. 8. Pressure ampliﬁcation in the 86.87-m pipeline (Pd ¼ 172.37 kPa, AF ¼ 3).
Fig. 9. Effect of the drive time on the ampliﬁcation factor at various pipeline lengths
(Line plots represent the blind ﬂange data).
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time of unplugging spent on the blockage. Blockages were typically
eroded between 25 and 50% of the original mass with the exception
of the phosphate blockage which was completely dissolved at each
test bed length. In general, the unplugging rates obtained with the
aluminum gel blockages were similar to those obtained with the
kaolin blockages. The trials without the expansion joints were
unpredictable. For the 86.87 m test bed, the unplugging rate of the
kaolin was signiﬁcantly higher when the joint was removed. This
was not the case for the longer runs. In the 547.73 m trial without
the expansion joint, an extremely low rate was observed (* in
Table 4). This was due, in part, to the fact that the kaolin near the
wave did not erode easily, but water did manage to penetrate into
the plug. Whenweighing the blockage to determine the percentage
of erosion, the additional water retained by the plug may have
skewed the ﬁnal calculated rate, indicating a less effective
unplugging rate than what actually occurred. Unplugging rates for
the longest pipeline length were lower than the rates for the other
two lengths, as expected. However, there was not a pattern for the
unplugging rates between the 86.87 m and 189.28 m test beds. It
should also be noted that during the 547.73 m trials, the process
control parameters were varied over the erosion process. Although
altering the parameters would affect the unplugging rate, the
average unplugging rates are still presented. Note that the phos-
phate plug data is included in Table 4 but these trials were con-
ducted without a pre-ﬁlled charge vessel.
One should expect that as the length of the testbed increases,
the erosion rates would reduce. This is seen for all cases except for
the kaolin and phosphate plugs when comparing the 86.87 m and
189.28 m testbeds. In terms of the phosphate, the erosion/dis-
solving process was simply dependent on the volume of ﬂuid the
wave deposited on the face of the plug, not the impact of the wave.
For these two testbed lengths, the erosion rates were similar, so this
is not surprising. The kaolin plug did have a slightly higher erosion
rate and this is likely due to the variability obtained in the shear
strength of the kaolin mix as well as howmuch air remained in the
plug at the time it was manufactured.
4.3. Effects of reducer and the expansion joint
Table 5 shows G values obtained for blind ﬂange tests at the
86.87 m pipeline with and without the reducer. It was found that
the tests with the reducer resulted in a 9e19% reduction in the
ampliﬁcation factor when compared with cases run without the
reducer installed. Table 5 shows that for the same Td and Ts, a higher
Pd resulted in a larger loss in the G. Reducing the Td while keeping
the Ts and Pd constant, the loss in ampliﬁcation factor increased.
However, reducing the Ts while maintaining a constant Td and Pd
reduced the effect of the reducer.The unplugging rates with and without the expansion joints
were unpredictable (Table 4). For the 86.87 m test bed, the
unplugging rate of the kaolin was signiﬁcantly higher when the
joint was removed. This was not the case for the longer runs. In the
Fig. 10. Effect of the suction time on the ampliﬁcation factor at various pipeline
lengths (Line plots represent the blind ﬂange data).
Table 4
Unplugging rates (kg/h).
86.87 m 189.28 m 547.73 m
Kaolin 0.452 0.650 0.214
Phosphate 9.5 10.31 6.332
Aluminum 0.704 0.477 0.146
Kaolin (NEJ) 0.9 0.282 0.088*
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low rate was observed. This was due, in part, to the fact that the
portion of kaolin plug near the wave did not erode easily, but water
did manage to penetrate into the plug.5. Numerical modeling
In this section, a numerical method based on the method of
characteristics [22] that can predict the pressure and ﬂow velocity
in a straight one-dimensional pipeline with an air pocket at the end
is presented. The aim of this effort was to predict the maximum
pressures attained at any location in the pipeline caused by the
operation of the unplugging technology so that parametric tests
could be performed for much longer pipelines for which con-
ducting experiments would not difﬁcult. The numerical solution of
the governing equations for unsteady ﬂuid ﬂow in pipelines con-
sists of the following steps:
- Transformation of the partial differential equations (PDE) into
ordinary differential equations (ODE),
- Integration of ordinary differential equations to yield ﬁnite dif-
ference equations,
- Numerical solution of the ﬁnite difference equations.
5.1. Governing equations
The continuity and momentum equations given below govern
the unsteady ﬂuid ﬂow in a pipeline
Ht þ a
2
g
Vx ¼ 0
gHx þ f2DV
V
 ¼ 0
(1)
where H is the hydraulic-grade-line elevation, a is the speed of
sound, g is the gravitational acceleration, V is the ﬂow velocity, f is
the friction factor and D is the pipe diameter. These equations form
a pair of quasi-linear hyperbolic partial differential equations,
where velocity and hydraulic-grade-line elevation are the depen-
dent variables and distance along the pipe and time are the inde-
pendent variables. In order to convert this PDE to a more amenableTable 5
Effect of reducer on the pressure ampliﬁcation.
Pd(kPa) Ts(s) Td(s) G with reducer G without reducer % change
200 10 5 2.11 2.58 17.97%
200 11 6 2.34 2.70 13.22%
200 9 6 2.40 2.69 10.95%
200 9 4 1.43 1.78 19.49%
150 10 5 1.81 2.04 11.14%
150 11 6 2.20 2.50 12.13%
150 9 6 2.29 2.52 8.98%
150 9 4 1.23 1.50 17.97%
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multiplier l.
l
h
Hx
g
l
þ Ht
i
þ

Vt þ Vxl a
2
g

þ f
2D
V
V
 ¼ 0 (2)
Since H and V are dependent on x and t, and if it is assumed that
x is also a function of t, then the equation may be written as
dH
dt
¼ Hxdxdt þ Ht
dV
dt
¼ Vxdxdt þ Vt
(3)
If in the combined equation, the following relation holds, dx/
dt ¼ g/l ¼ la2/g, then it can be written as
l

dH
dt

þ

dV
dt

þ f
2D
V
V
 ¼ 0 (4)
The solution of dx/dt ¼ g/l ¼ la2/g gives two particular values of
l, which are l1 ¼ g/a and l2 ¼ g/a, which in turn yields that dx/
dt¼a. This suggest that the change in position of awave is related
to the change in time by the wave propagation velocity a. When the
values of l1 ¼ g/a and l2 ¼ g/a are substituted into the above
equation then two pairs of ODEs are obtained which are grouped
and identiﬁed as Cþ and C as given below:
þg
a
dH
dt
þ dV
dt
þ f
2D
V
V
 ¼ 0
dx
dt
¼ þa
9>=
>;
Cþ; (5)
g
a
dH
dt
þ dV
dt
þ f
2D
V
V
 ¼ 0
dx
dt
¼ a
9>=
>;
C; (6)
Since a is a constant for a given pipe, dx/dt ¼ a gives a straight
line in the xt plane as shown in Fig. 11. Each straight line connecting
A to P and B to P are the characteristic lines along which the in-
formation is carried from A and B to solve for the value at point P
which is at the new time level. Cþ which is valid on AeP and C
which is valid on BeP are used together in order to solve the future
value at P.
5.2. Finite difference forms of the ODE’s
In order to solve the above equations numerically, a pipeline is
divided intoN equal segments, each Dx in length as shown in Fig.11.Fig. 11. xt grid for numerical solution of the pipe ﬂow.By using the initial values of V and H at t ¼ 0 at point A and point B,
the compatibility equations can be integrated between the limits
AeP and BeP. It becomes easier to integrate once the compatibility
equations aremultiplied by adt/g¼ dx/g and introducing the area of
the pipe to write the equations in terms of discharge in place of
velocity. The integrated from A to P becomes
ZHP
HA
dH þ a
gA
ZQP
QA
dQ þ f
2gDA2
ZxP
xA
Q jQ jdx ¼ 0: (7)
The integration along the characteristics results in the following
algebraic equations
HP  HA þ
a
gA
ðQP  QAÞ þ
f
2gDA2
QA
QA
 ¼ 0;
HP  HB þ
a
gA
ðQP  QBÞ þ
f
2gDA2
QB
QB
 ¼ 0:
(8)
Solving for HP these equations may be written as
HP ¼ HA  BðQP  QAÞ þ RQAjQAj;
HP ¼ HB þ BðQP  QBÞ þ RQBjQBj; (9)
where B ¼ a/gA. The solution of transient ﬂuid ﬂow begins with
steady state conditions for H and Q at t ¼ 0. Then the unknown H
and Q values are found at each grid point along the pipe axial di-
rection along t ¼ Dt then proceeding to t ¼ 2Dt until the desired
time duration has been reached.
5.3. Boundary conditions
The computational model used in this study was for a straight
pipe having a closed endwith an air pocket connected to a reservoir
at the inlet as shown in Fig. 12. The total length of the pipe and the
size of the cavity were varied according to the experimental case
that was aimed to be compared with. In the numerical solution of
this problem, the conditions at the ends of the pipeline played an
important role which determined the boundary conditions to be
used. For the upstream boundary condition, the unplugging tech-
nology creates a change in pressure using the jet-pump and the
charge vessel. This effect in the numerical code was interpreted as a
time-dependent function of hydraulic-grade-line Hr ¼ Hr(t). This
time-dependent proﬁle was obtained from the pressure transducer
measurements recorded at the inlet of the pipeline. Once the H
value at the ﬁrst node was known, then Q value was determined by
a direct solution of the C at the ﬁrst node, QP ¼ ðHr  CMÞ=B
where CM ¼ HB  BQB þ RQBjQBj.
At the downstream, the air cavity was modeled as a lumped
mass, where the pressure at any instant was assumed the same
throughout the volume. The gas was assumed to follow the
reversible polytropic relation HAVn ¼ C in which HA is the absolute
head equal to the gauge plus barometric pressure heads and Vn is
the gas volume, where n is the polytropic exponent (1 < n< 1.4, 1.2
used here) and C is a constant. This relation between pressure and
volume of the air cavity was introduced into the numerical solution
by the equation,Fig. 12. Schematic of the unsteady pipe ﬂow problem solved numerically.
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
Va  Dt ðQP þ QÞ2
n
¼ C: (10)
The effects of elbows were not considered since for rigidly
supported elbows the attenuation of pressure waves were reported
to be negligible in the literature [20,21]. The total length speciﬁed
in the numerical model consisted of all the components of the
pipeline including the elbows, the expansion joint and the clear
PVC section. The friction coefﬁcient used in this work was f ¼ 0.02.
The value of the friction-factor was obtained from the Moody dia-
gram for a relative roughness of 0.001 for 7.62 cm steel pipes with
7.62103 cm of surface roughness which is constant over the fully
turbulent regime. The air cavity at the end was modeled as a
lumped mass whose axial location was ﬁxed at the last point in the
computational grid. The incoming ﬂow rates were computed from
the ﬂuid region and this was used to calculate the pressure in the
air cavity using the polytropic relation given above. This pressure
value in turn was reintroduced into the ﬂuid region as an end
boundary condition.
Although not used in the current study, the method of charac-
teristics allows to incorporate the effects of local elements in to the
model. The simplest way to achieve this is possible by conserving
the continuity equation at each time instant at the location of the
connections and by assuming that the pressure at the connection is
equal with minor losses ignored. In the case of serially connecting
elements such as a reducer or a section with different structural
properties such as thickness or roughness, the assumption of equal
discharge and pressure at the connection yields QP ¼ CP  CM/
B1 þ B2 from which HP can also be calculated. In the case of a
branching connection such as joints and turns, the same procedure
is followed for the continuity equation with minor losses ignored
and the solution for the common head HP is obtained as
HP ¼
Pn
i ðCPi=BiÞ=
Pn
i ð1=BiÞ for a connection with n number of
branching.5.4. Simulation results
Fig. 13 shows the pressure distribution along the pipelines ob-
tained with the numerical method presented above. The blind
ﬂange data collected at all three pipelines was used to obtain the
inlet pressure proﬁle (P1) as a function of time, which was used as
the upstream boundary condition in the numerical model. Only the
ﬁrst suction-drive-vent-suction cycle was modeled in the code. The
cycle for 86.87 m pipeline started with 10 s of suction and then the
water in the charge vessel was driven down for 5 s which is fol-
lowed with venting the pipe until 20 kPa and the next suction
phase is started again for 10 s. The initial air cavity length was taken
as 3.96 m. The local pressure at various locations along the pipeline
are shown in Fig. 13 where the red dots indicate the experimental
measurements and the black lines are for the simulation results.
The simulation result over predicted the maximum pressure by 1%
and an offset in the location of the peak was observed.
For the case at 189.28 m, the control parameters were changed
to 15 s for suction, 7 s for drive and 20 kPa for vent. The air cavity
size increased to 53.34 cm. Simulation results matched the pressure
data from the transducers perfectly at data acquisition points along
the pipe. For the blockage distance of 547.73m, the drive phase was
3 s longer than the 189.28 m case. The overshoot in the maximum
pressure numerically computed at the cavity was 40%. However the
pressure values obtained with the numerical code were found to beFig. 13. Comparison of the instantaneous pressure measurements from the blind
ﬂange experiments with the simulation results.
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from the end of the pipeline such as P3 and P5.
6. Discussion
During the testing, a number of observations were made that
would provide assistance in determining how the data can be used
for assessing the effectiveness of the FWT in an unplugging oper-
ation at the Hanford Site. The ampliﬁcation of the drive pressure
near the blockage appeared to be due to the increased momentum
of the ﬂuid in the pipeline. If the drive pressure/drive time was too
low, losses in the pipeline would decrease the momentum of the
column of ﬂuid to the point that a wave wouldn’t be produced in
the air cavity and there would be little ampliﬁcation of the drive
pressure. If the drive pressure/timewould be too high, the resulting
exit pressure could easily surpass pressure rating of the relief valve.
Therefore, an optimization of the inlet operating conditions is
required to generate the most adequate pressure rise in the system
for safe and proper operation of the technology.
During the suction phase of each of the test beds, the air cavity
was pulled back into the expansion joint, which was relatively ﬂat.
This suggests that the two-phase ﬂow region in our test bed was
larger than would be present on the cross-site lines at Hanford,
therefore the energy losses of the unplugging wave were likely be
more signiﬁcant on our test bed.
Testing demonstrated that under the initial vacuum process,
some blockages were pulled apart with portions being slightly
moved upstream. The kaolin blockages were particularly suscep-
tible to this due to the low coefﬁcient of friction between the kaolin
and the clear PVC. Typically, the blockage would break into two or
three sections and the most forward section would move about a
foot upstream. In some cases, the portion of the blockage that
moved upstreamwould move back to its original position after the
ﬁrst drive phase.
In addition, testing also demonstrated that environmental
conditions could have signiﬁcant effects on test results. On the
longer test bed lengths, the identical vacuums pulled on the pipe-
line did not necessarily produce the same cavity size. This required
an unexpected change in the equipment system parameters. The
environmental effects on the system’s performance will likely
require further investigation.
7. Conclusions
The objective of this study was to evaluate NuVisions unplug-
ging technology for use at DOE Hanford transfer lines in the case of
a pipeline plugging event. Experimental testing was conducted
using three pipeline lengths and three types of blockages. An
ampliﬁcation of the inlet pressure was observed along the pipeline
and is considered the key to determining the maximum pipe
lengths the technology can be used without surpassing the site
pressure limit.
The technology was capable of eroding the three plugs at the
three test bed lengths and the results suggest that erosion of
blockages located at greater lengths is also achievable. However,
it is inconclusive on whether this technology can unplug a pipe-
line 5.79 km in length which was suggested to be a worst case
scenario by the DOE engineers. Technology modiﬁcations will
likely be required to meet the energy requirements for moving a
column of water of that distance. Improved vacuum pump ca-
pabilities, and a larger charge vessel would be a necessity at
larger pipe lengths. Other scenarios that this technology has
proven to be useful are pulsed-jet mixing of slurries stored in DOE
waste tanks [3] and feeding the liquid waste into delivery lines
using reverse ﬂow diverters [1]. In addition, it was found that thenumerical method presented in this paper was capable of pre-
dicting the pressure variations in the pipeline caused by the
technology which could be used for optimization of the process
control parameters selection via a process simulation that may
improve the ability to accurately predict maximum pressures and
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Appendix II. Notation
a: wave propagation velocity
A: pipe cross-sectional area
d: mean particle diameter
D: pipe diameter
f: friction factor
g: gravitational accelerationG: mean pressure ampliﬁcation factor
H: hydraulic-grade-line elevation
L: pipeline length
N: total number of unplugging cycles
Pv: Vent pressure
Pvac: vacuum level
Q: ﬂow rate
Ts: suction time
Td: drive time
Tv: vent time
V: ﬂow velocity
ss: Shear strength
r: density
